ABSTRACT Selection imposed by mating disruption could lead to changes in the pest insectÕs chemical communication system if there is genetically based variation in signal and/or response characteristics. Ultimately, this evolution, in the absence of courteracting selection, could lead to resistance to this control tactic. For this reason, the effects of mating disruption on the reproductive success of two pheromone strains of the cabbage looper, Trichoplusia ni (Hü bner), were examined in Þeld-cage experiments in which we could monitor mating success. The Þrst experiment evaluated mating disruption using the major component of the cabbage looper pheromone [(Z)-7-dodecenyl acetate: Z7Ð12:Ac], and the complete pheromone blend emitted by females. The second experiment focused on disruption with the compound that is often most abundant in the pheromone blend of mutant females [(Z)-9-tetradecenyl acetate: Z9 Ð14:Ac], and the complete pheromone blend emitted by mutant females. In the Þrst experiment, mutant males tended to have greater mating success than normal males in the presence of the full normal blend, as they do in the absence of disruptants. By itself, this result would indicate that the mutant alleles would spread through a population. However, normal females had greater mating success than mutant females in the presence of the normal blend disruptant (and Z7Ð12:Ac). This directional selection on females would tend to counter the selection on males, and dampen or eliminate any change in allelic frequency in the next generation. In the second experiment, the full mutant blend decreased male and female mating frequency relative to control, but did not inßuence the relative mating success of the two strains. Results of these experiments demonstrate for the Þrst time that the effects of a mating disruptant on mating success of T. ni can be complex, with the pheromone blend having sometimes counteracting effects on pheromone strains and sexes.
MATING DISRUPTION USING SEX pheromones has been demonstrated to be effective in the control of populations of certain insect pests (Cardé and Minks 1995) . Any effective pest control approach, including behavioral manipulations of chemical communication, has the potential to select for resistance to that tactic (Cardé et al. 1976 , Haynes et al. 1984 , Haynes and Baker 1988 , McNeil 1992 , Boake et al. 1996 , Evenden and Haynes 2001 . Evolutionary changes in communication systems, which would yield resistance to pheromone-based mating disruption, are inherently complex, because these systems involve both signalers and receivers. Changes in both may be required to maintain the integrity of the communication channel. In moths, reproductive isolation is often maintained by species-speciÞc female pheromone blends and the corresponding male response (e.g., Cardé et al. 1977 , Renou et al. 1988 , Dunkleblum and Mazor 1993 , Honda et al. 1994 , Lö fstedt and Kozlov 1997 McElfresh and Millar 2001) , which indicates that natural selection has caused shifts in chemical communication systems over evolutionary history. Evolution of new pheromone blends as a result of mating disruption will depend on both the strength of selection, and the existence of genetically based variation in both signal characteristics and response speciÞcity.
Trichoplusia ni (Hü bner) is a model species for studying the potential for evolution of resistance to mating disruption because genetically-based variation in signaling and response has been documented (Haynes and Hunt 1990a , 1990b , Liu and Haynes 1994 Gemeno et al. 2001; Evenden et al. 2002) . Females of two pheromone strains produce the same six components but in different ratios. IdentiÞed components of the normal and mutant strains are (Z)-7-dodecenyl acetate (Z7Ð12:Ac), dodecyl acetate (12:Ac), (Z)-5-dodecenyl acetate (Z5Ð12:Ac), 11-dodecenyl acetate (11Ð12:Ac), (Z)-7-tetradecenyl acetate (Z7Ð14:Ac), and (Z)-9-tetradecenyl acetate (Z9 Ð14:Ac) (Berger 1966; Bjostad et al. 1980 Bjostad et al. , 1984 Linn et al. 1984; Hunt 1990a, 1990b) . In the normal strain, Z7Ð 12:Ac is the most abundant component, while the others are minor components. Production of an altered pheromone blend by mutant females is because of an autosomal recessive mutation that affects the chain-shortening step of pheromone production (Jurenka et al. 1994) . Mutant females produce Ϸ20-fold more Z9 Ð14:Ac, and much less Z5Ð12:Ac than normal females (Haynes and Hunt 1990b) . In these mutants, the major component of the mutant blend is often Z9 Ð14:Ac Hunt 1990a, 1990b) . Initially, mutant males were more attracted to normal females than mutant females (Liu and Haynes 1994) . However, after Ϸ50 generations in isolated mutant laboratory colonies, selection has favored mutant males that no longer discriminate between normal and mutant females (Liu and Haynes 1994) . Blend components and normal male response to the blend are heritable (Gemeno et al. 2001; Evenden et al. 2002) .
The effect of mating disruption on the relative mating success of two pheromone strains of cabbage loopers was investigated. We hypothesized that normal moths would have less mating success than mutant moths in the presence of the normal pheromone blend, and that normal moths would have more mating success than mutant moths in the presence of the mutant pheromone blend.
Materials and Methods
Strains. Cabbage loopers from Gainesville, FL (USDA-ARS Insect Attractants, Behavior and Basic Biology Laboratory) have been maintained by us for approximately 3 years. Females from this laboratory colony release a pheromone blend similar to the offspring of Þeld-collected females (Haynes and Hunt 1990a) . A rare mutant phenotype that resulted in a radically different pheromone blend from the wild type was discovered in another laboratory colony originating from a Þeld population in Riverside, CA (Haynes and Hunt 1990b) . A pure colony of these mutant moths has been maintained for about eight years. Both colonies were maintained on a pinto-bean based diet (Shorey and Hale 1965) .
Insects Used in Experiments. To allow us to distinguish easily between mutant and normal moths, either third or fourth instar larvae were transferred to a diet containing wheat germ oil (SIGMA, St. Louis, MO), or a diet containing Oil Red EGN dye (Solvent Red 26, SIGMA) dissolved in wheat germ oil (Hendricks and Graham 1970, Zhu et al. 1997) . The strain fed the dye-laced diet was alternated monthly. The red dye resulted in identiÞable staining of fat bodies of adult males and females and of seminal ßuids from males (Zhu et al. 1997) . The red dye did not inßuence the probability of intrastrain versus interstrain mating (K.F.H and B.B.C., unpublished data; Zhu et al. 1997) .
Female and male pupae were placed in separate environmental chambers (28ЊC:23ЊC, day:night with a 14:10 h L:D photoregime) in 240 ml styrofoam cups with nylon-screen lids. Eclosed adults were transferred daily to 470 ml paper cartons with nylon screen lids, returned to the environmental chambers, and given a 10% sugar-water solution in saturated cotton balls. All moths used in experiments were 3Ð5 d old.
Field Cages. Nylon mesh Þeld cages (5 m long ϫ 5 m wide ϫ 2.75 m high in the center, 2 m high at the corners; Zhu et al. 1997) were placed in a grassy area adjacent to an alfalfa Þeld at Spindletop Farm (LAT: LONG 38Њ 7Ј 30Љ N: 84Њ 30Ј 25Љ W) in Fayette County, KY. Experiment 1 was run from August to October of 1997, while experiment 2 was run in July of 1998. Cages were separated by 100 m, and contained 15, 4 Ð5-wkold greenhouse-grown broccoli plants (Brassica oleracea L., variety. Green Comet; Ϸ30 cm tall) distributed across the bottom of the cage. Three treatments were run during each replicate. The cage location of a given treatment was selected randomly and was rerandomized weekly throughout the experiments. To avoid possible confounding effects caused by rerelease of pheromone from the nylon cages, the cage coverings were associated with a given treatment, rather than a Þxed location.
Disruptant Treatments. Rubber septa (Thomas ScientiÞc, Swedesboro, NJ; 5 ϫ 9 mm, red) were loaded with either 200 l HPLC-grade hexane alone or one of the following four treatments in 200 l hexane: 1 mg Z7Ð12:Ac (Bedoukian Research Inc., Finance Drive, Danbury, CT), the full normal blend, 4 mg Z9 Ð14:Ac (Bedoukian), or the full mutant blend. The full normal blend consisted of 96 g of 12:Ac (Aldrich, Inc. Milwaukee, Wis. 53233, USA), 135 g of Z5Ð12:Ac (Bedoukian), 1 mg of Z7Ð12:Ac, 32 g of 11Ð12:Ac (Bedoukian), 22 g of Z7Ð14:Ac (Bedoukian), and 17.5 g of Z9 Ð14:Ac. The full mutant blend consisted of 138 g of 12:Ac, 10 g of Z5Ð12:Ac, 1 mg of Z7Ð12: Ac, 55 g of 11Ð12:Ac, 110 g of Z7Ð14:Ac, and 4 mg of Z9 Ð14:Ac. Thus, the quantity of Z7Ð12:Ac was held constant in all treatments except the Z9 Ð14:Ac treatment. The ratio of components in these blends was selected to mimic the ratio of compounds released by mutant or normal females (Hunt et al. 1990 ). Solutions were checked by gas chromatography (30-m DB Wax 20M capillary column in a HewlettÐPackard 5890 gas chromatograph linked to a HewlettÐPackard 5970 mass selective detector) to ensure correct blend ratios and purity of pheromone components.
The septa were kept in a laboratory exhaust hood for at least 0.5 h to allow for solvent evaporation before taking them to the Þeld. Sixteen septa were suspended from loops in the wire of Þeld ßags (Forestry Suppliers, Inc., Jackson, MS) at a height of 0.5 m throughout each cage and four other septa were placed at the upper corners of each cage. Septa were replaced weekly, just before the Þrst release of adult moths.
The treatments used in experiment 1 were hexane only (control), Z7Ð12:Ac, and the full normal blend. Treatments used in experiment 2 were hexane only (control), Z9 Ð14:Ac, and the full mutant blend. For both experiments, 12Ð 80 adult moths (3Ð20 per sex and phenotype combination) were released per cage. The same number of moths of each sex and phenotype combination was released during one replicate. Thus, this wide range in numbers used was the result of the sex and strain with the lowest availability on the day of an experiment. Moths were released in the afternoon, recaptured the next morning, and dissected to determine the colors of fat bodies and male seminal ßuid in the bursa copulatrix of mated females. Experiments 1 and 2 included 15 and 12 replicates, respectively.
Statistical Analyses. The effects of the disruptant treatments on the percent mating by the two strains were analyzed separately for each sex with ANOVAs with disruptant, strain, and block as factors (Statistix for Windows: Analytical Software, 1996). The percent matings were arcsine-square root transformed before the ANOVAs. Differences in percent mating between the strains within each treatment and differences in percent mating between the treatments within each strain were analyzed with a priori orthogonal contrasts using StudentÕs t-tests. The proportion mating for females for each treatment and replicate was calculated by taking the total number of matings as determined by the presence of a spermatophore, and dividing by the number of females released. The proportion of males that mated each night was calculated by taking the total number of males mating per night for each strain as determined by the color of the seminal ßuid in the femaleÕs bursa copulatrix and dividing by the number of males released. This procedure assumes that males mate only once per night, which is consistent with other observations (B.G.S., unpublished data). Recovery rates of moths were 83.55 Ϯ 1.437% in experiment 1 and 86.98 Ϯ 1.665% in experiment 2. The other 12Ð17% of released individuals were either eaten by predatory arthropods (B.G.S., unpublished data), or escaped our detection.
Results
In experiment 1 using Z7Ð12:Ac and the full normal blend as mating disruptants, there was an overall signiÞcant effect of treatment on female mating frequency (F ϭ 6.47; df ϭ 2, 70; P ϭ 0.003; Fig. 1a ). In addition, there was a signiÞcant effect of strain on female mating frequency, with the mating frequency of mutant females being lower than that of normal females (F ϭ 6.78; df ϭ 1, 70; P ϭ 0.011). Furthermore, there was a signiÞcant interaction between the disruptant treatment and strain (F ϭ 3.14; df ϭ 2, 70; P ϭ 0.048), reßecting the greater impact of these disruptants on the mutant strain for females. There was no signiÞcant difference in an orthogonal contrast between the mating frequency of mutant and normal females in control cages (t ϭ Ϫ0.52; df ϭ 70; P ϭ 0.608). Normal females mated signiÞcantly more often than mutant females in the presence of Z7Ð12:Ac (t ϭ 2.80; df ϭ 70; P ϭ 0.007) or the full normal blend (t ϭ 2.23; df ϭ 70; P ϭ 0.029). The mating frequency of normal females was not signiÞcantly different between the control and either Z7Ð12:Ac or the normal blend treatments (Z7Ð12:Ac versus control : t ϭ 0.10; df ϭ 70; P ϭ 0.924; normal blend versus control: t ϭ 1.10; df ϭ 70; P ϭ 0.274). Mutant females mated less often in both Z7Ð12:Ac and the full normal blend treatments than in the control (Z7Ð12:Ac: t ϭ 3.41; df ϭ 70; P ϭ 0.001; normal blend: t ϭ 3.85; df ϭ 70; P ϭ 0.000).
Male mating frequency was affected by treatment in experiment 1 (Z7Ð12:Ac and normal blend disruptants) (F ϭ 3.42, df ϭ 2, 70; P ϭ 0.037; Fig. 1b) . Overall, the mating frequency of mutant males was greater than that of normal males (the reverse of the effect on females) (F ϭ 10.47; df ϭ 1, 70; P ϭ 0.002). In contrast to females, there was not a signiÞcant interaction between treatment and strain (F ϭ 0.71; df ϭ 2, 70; P ϭ 0.500). Mutant males mated signiÞ-cantly more often than normal males in control cages (t ϭ Ϫ2.72; df ϭ 70; P ϭ 0.008), and tended to do so in normal blend cages (t ϭ Ϫ1.85; df ϭ 70; P ϭ 0.068). There was no signiÞcant difference between the mating frequency of normal and mutant males in the presence of Z7Ð12:Ac (t ϭ Ϫ1.03; df ϭ 70; P ϭ 0.306). Normal males mated as often in the control as in either Z7Ð12:Ac or the normal blend treatments (Z7Ð12:Ac: t ϭ 0.52; df ϭ 70; P ϭ 0.601; normal blend: t ϭ 1.33; df ϭ 70; P ϭ 0.187). Mutant males mated less often in both Z7Ð12:Ac and the normal blend treatments than in the control (Z7Ð12:Ac: t ϭ 2.21; df ϭ 70; P ϭ 0.030; normal blend: t ϭ 2.19; df ϭ 14; P ϭ 0.032).
In experiment 2 using Z9 Ð14:Ac and the full mutant blend as mating disruptants, there was a signiÞcant treatment effect on mating frequency of females (F ϭ 5.44; df ϭ 2, 55; P ϭ 0.007; Fig. 2a ). There was not, however, a signiÞcant difference between the strains in their mating frequency (F ϭ 0.40; df ϭ 1, 55; P ϭ 0.529), and there was not a signiÞcant interaction between strain and disruptant (F ϭ 1.26; df ϭ 2, 55; P ϭ 0.291). None of the treatment-speciÞc orthogonal contrasts between the two strains were signiÞcant (control: t ϭ Ϫ0.82; df ϭ 55; P ϭ 0.413; Z9 Ð14:Ac: t ϭ Ϫ1.19; df ϭ 55; P ϭ 0.240; mutant blend: t ϭ 0.91; df ϭ 55; P ϭ 0.366). Normal females mated as often in control cages as they did in cages treated with Z9 Ð 14:Ac or the mutant blend (Z9 Ð14:Ac: t ϭ 0.52; df ϭ 55; P ϭ 0.603; mutant blend: t ϭ 1.30; df ϭ 55; P ϭ 0.199). Mutant females mated as frequently in the Z9 Ð14:Ac treatment as in the control (t ϭ 0.16; df ϭ 55; P ϭ 0.874), but mated less often than in the control than in the mutant blend treatment (t ϭ 3.04; df ϭ 55; P ϭ 0.004).
In experiment 2, mating frequency of males tended to differ among treatments (F ϭ 3.12; df ϭ 2, 55; P ϭ 0.052; Fig. 2b ). There was no signiÞcant difference between the strains in their mating frequency (F ϭ 0.42; df ϭ 1, 55; P ϭ 0.522), and there was not a signiÞcant interaction between strain and treatment (F ϭ 0.65; df ϭ 2, 55; P ϭ 0.525). None of the treatment-speciÞc orthogonal contrasts between strains were signiÞcant (control: t ϭ Ϫ0.56; df ϭ 55; P ϭ 0.577; Z9 Ð14:Ac: t ϭ 0.83; df ϭ 55; P ϭ 0.409; mutant blend: t ϭ 0.84; df ϭ 55; P ϭ 0.402). Normal males mated as often in control cages as in either Z9 Ð14:Ac or the mutant blend treatments (Z9 Ð14:Ac: t ϭ Ϫ0.76; df ϭ 55; P ϭ 0.451; mutant blend: t ϭ 0.79; df ϭ 55; P ϭ 0.431). Mutant males mated as frequently in the Z9 Ð 14:Ac treatment as in the control (t ϭ 0.63; df ϭ 55; P ϭ 0.528). However, mutant males mated less often in the mutant blend treatment than in the control (t ϭ 2.20; df ϭ 55; P ϭ 0.032).
Discussion
We hypothesized that the relative mating success of a particular pheromone strain would be inßuenced by the contrast between the female blend ratio and the blend ratio of the disruptant blend. In general this hypothesis was not supported by these experiments. Normal females had greater mating success in cages treated with the normal disruptant than did mutant females. Mutant males maintained their competitive mating advantage over normal males. Mutant males do not discriminate between the normal and mutant pheromone blends (Liu and Haynes 1994) . Therefore, the mutant malesÕ greater mating success in control cages may be attributed to the fact that they will mate with both normal and mutant females, while normal males mate mainly with normal females. In terms of a potential impact on gene frequency in the next generation, the clear mating advantage of normal females in cages with the normal disruptant would be countered by the mating advantage of mutant males.
The mating advantage of normal females in cages treated with the full normal blend could relate to the threefold lower emission rate of Z7Ð12:Ac from mutant than normal females (Hunt and Haynes 1990) . Therefore, mutant females might not be as effective as normal females in attracting males in environments containing Z7Ð12:Ac. The mechanism involved could be competition with the disruptant point sources (false-trail following) (Bartell 1982) ; however, partial camoußage of the required pheromone component (Z7Ð12:Ac) could lead to a greater impact on mutant than normal females. The threefold higher emission rate from normal females could be sufÞcient to improve their competitiveness with mutant females in environments with disruptants (at low release rates, as was used in our experiments), but not in environments without disruptants. If this speculation were veriÞed, the emission rate of the disruptant could be a critical factor in determining the relative mating success of two strains that differ dramatically, not only in their pheromone blends, but also in their emission rate of Z7Ð12:Ac.
In experiment 2 (control versus Z9 Ð14:Ac and the full mutant blend as disruptants), the overall signiÞ-cant disruptant effect on mating success of females can be attributed primarily to reduced mating frequency when the full mutant blend was used. Z9 Ð14:Ac alone has little or no impact on the mating success of males or females of either strain. The full mutant blend, unlike Z914:Ac alone, did result in a signiÞcant reduction in mating success of mutant females and males compared with the control. However, while it was not signiÞcant, normal males and females were impacted in the same way, which resulted in no interaction between treatment and strain. Therefore, the prediction of greater mating success of normal moths as compared with mutant moths in environments treated with the full mutant blend, was not supported. Mitchell et al. (1997) achieved over 90% reduction in mating of female T. ni in a small-plot test in which point sources of pheromone consisted of 9 mg of Z7Ð12:Ac per rubber septa. We used more septa per area than Mitchell et al. (1997) , but with a lower loading rate per septum (1 mg versus 9 mg of Z7Ð12: Ac). Our loading rate and distribution of septa resulted in only moderate reduction of mating with some treatments. Experiments with such intermediate levels of mating disruption should be most effective in detecting potential differences in mating success between strains when disruptants are used, which was our goal. Our study was conducted in walk-in cages as opposed to open Þeld plots. Cage effects, including the potential for random male-female encounters (as opposed to pheromone-stimulated encounters), could inßuence both the effectiveness of mating disruptants and our potential to detect strain differences in mating success. Our experimental design required that we release and recover moths, and thus, a more realistic open plot design was precluded.
With this intermediate level of mating disruption in walk-in Þeld cages, we can suggest that unique characteristics of signal-response systems make predicting results of selection particularly difÞcult. Because genes controlling signal and response are independent in this case Hunt 1990a, Liu and , and in other species (e.g., Ostrinia nubilalis: Roelofs et al. 1987 ), selection may not always act in concert on the two sexes. For example, the normal pheromone disruptant adversely affected mating success in mutant females, but mutant males had an advantage under these same conditions. Because of potential conßicting selection on males and females, multiple generations will need to be observed to determine the net effect of that selection on gene frequency of both signal and response characteristics. While limited assortative mating between the strains has been observed, hybridization is common. Populations with hybrid individuals would give a more realistic picture of the evolution of communication under selection with mating disruptants. Evenden and Haynes (2001) in such a multi-generation selection experiment with hybridization, determined that the frequency of the mutant allele decreases in control cages, but increases in cages treated with the full normal blend.
Studies of this system suggest several factors to consider with respect to the evolution of resistance to mating disruptants. However, it is important to point out that this is a model system and that the mutant pheromone phenotype of cabbage looper has only been found in laboratory culture, and therefore the speciÞc risk of this mutant strain replacing the normal strain under mating disruption in the Þeld is not a realistic concern. The existence of genetically based variation in signal and response characteristics could accelerate changes in the communication system. Therefore, we need to know about such variation in agricultural populations that are controlled with mating disruptants. The intensity and duration of selection pressure are obvious concerns. In addition, whether the impact of disruptants on the two sexes are in parallel or conßicting, could accelerate or decelerate evolutionary changes in the communication system. In addition, relaxation of directional selection may permit stabilizing selection to reestablish signal and response characteristics, unless previously rare communication phenotypes had become well established.
